The northwestern region of the Iberian Peninsula was traditionally considered a seismically stable area. However, the 1995 and 1997 Galicia earthquakes of magnitude 4.6 and 5.3 produced significant damage in the region (intensity EMS: V), and these events changed the seismic hazard map used for the building code in Spain. Searching for earthquake precursors of these seismic events was performed, and precursory geochemical signatures of the 1995 and 1997 Galicia earthquakes were detected. These precursory signatures were observed in CO 2 -rich groundwaters from a 120 m deep well at Cabreiroá (Ourense, Galicia), ~90 km distance from the epicentres. Secular variations of the dissolved Cl -in these CO 2 -rich groundwaters showed clearly an increase trend three months before the occurrence of two earthquakes of magnitude 4.6 (November 29 and December 24, 1995) in Lugo (Galicia). After the precursory variations of Cl -prior to the earthquakes in 1995, a continuous radon monitoring system was installed at Cabreiorá's well. A significant increase of radon activity in the CO 2 -rich ground waters was detected four weeks prior to the magnitude 5.3 Galicia earthquake of May 21, 1997. Precursory changes in the chemical and isotopic composition of terrestrial fluids have been mainly attributed to the development of microcracks caused by the regional tectonic strain. The occurrence of these precursory geochemical signatures of CO 2 -rich groundwaters of magmatic origin in the NW Iberian peninsula probably suggests that high fluid pressure at depth play a major role in triggering earthquakes in the region.
INTRODUCTION
The facts of geochemical anomalies produced by earthquakes were first discovered at Tashkent in the former Soviet Union (Fursov et al., 1968) , although earlier studies were conducted in Japan (Okabe, 1956) . Extensive earthquake prediction studies have been mainly carried out in Russia, China, and Japan as well as in other active seismic regions in the USA, India Italy, etc. On the contrary, very few earthquake prediction studies had been performed in continental areas that are classified as stable regions for seismicity in spite of the potential damage of unexpected earthquakes because of poor building Tsunogai and Wakita, 1995; Igarashi and Wakita; 1995; Koizumi et al., 1996; Wakita, 1996; Sugisaki et al., 1996; Roeloffs and Quilty, 1997; Toutain et al., 1997; Nishizawa et al., 1998; Ito et al., 1999; Toutain and Baubron, 1999; Martinelli, 2000; Chia et al., 2001; Virk et al., 2001; Salazar et al., 2002; Chadha et al., 2003; Claesson et al., 2004; Song et al., 2006; Pérez and Hernández, 2007; Padrón et al., 2008) .
One of the most recent results of precursory geochemical and hydrological signatures detected prior to large earthquakes was highlighted in relation to the destructive magnitude 7.2 earthquake which occurred on January 17 1995, near Kobe, Japan (Tsunogai and Wakita, 1995; King et al., 1995; Koizumi et al., 1996; Sugisaki et al., 1996) . Tsunogai and Wakita (1995) used an ingenious and inexpensive method in the field of earthquake chemistry studies, and it was basically to carry out secular variation analysis of chemical conservative components such as chloride ion (Cl -) in commercial drinking water which is bottled and dated by mineral water companies. This technique is not only inexpensive but also allows us to move the clock back on time and search for potential earthquake precursors where no-continuous geochemical monitoring program is performed.
SEARCHING FOR PRECURSORS OF THE 1995 GALICIA EARTHQUAKES
Following this first attempt in the field of earthquake chemistry, we obtained and analyzed commercial mineral water samples before and after the 1995 Galicia earthquakes in the northwestern (NW) Iberian Peninsula. Discharge of CO 2 -rich and alkaline sulphide waters from a significant number of wells and springs are distributed along the major NNE-trending faults (Cabral and Ribeiro, 1988; Calado, 1993) in the NW Iberian Peninsula (Figs. 1 and 2). It was supposed that a mechanism of an intensive compressive stress due to the local tectonic framework might explain the formation and posterior uprising of these thermal and CO 2 -rich waters as well as the significant uplift process experienced in this region during the Quaternary (Ribeiro and Almeida, 1981; Almeida and Calado, 1993) . Two magnitude 4.6 earthquakes occurred on November 29 at 23:56 h GMT (latitude 42°49′ N, longitude 7°19′ W) and on December 14 at 14:29 h GMT (latitude 42°50′ N, longitude 7°18′ W) in 1995 (Fig. 3) . Santanach, 1994. The foci of these earthquakes were located at 9 and 15 km deep, respectively (Rueda and Mezcua, 2001 ). During this period of less than 30 days, around 40 seismic events of magnitude between 2 and 4 were recorded nearby the epicentres of the two earthquakes with magnitude 4.6. Focal mechanisms of the two main shocks suggest a strike-slip and reverse faulting, which agree with seismotectonic and neotectonic characteristics of the region (Rueda and Mezcua, 2001; Martíınez-Díaz et al., 2006) .
Mineral water samples were provided by Aguas de Cabreiroá, S. A. which exploits CO 2 -rich groundwater from a well of 120 m. deep located at ~90 km distance from the epicentres of the 1995 Galicia's earthquakes. These water samples are sodium-bicarbonate type and are bottled in 350 mL glass containers with natural gas. The timeframe for this study was restricted by the availability of samples from the mineral water company from February, 1995 to January 1997. Anion chemical analyses were carried out by ion chromatography while cation measurements were performed by atomic absorption spectrometry. Repeated Cl -and Br -measurements showed that the precision is estimated to be less 0.5% and 6.0%, respectively. Secular variations of chloride concentrations showed a quite uniform pattern from February to August, 1995, around 24 mg/L, however chloride concentrations started increasing and reaching relatively high Cl -contents, >26 mg/L, from the end of August 1995; almost two months before the first earthquake (Fig. 4) . This fluctuation on the Cl -concentration prior to this earthquake was around 10% higher than those of background level (Pérez et al., 1996a) . This increasing of Cl -concentration is comparable to that reported for the 1995 Kobe earthquake in Japan (Tsunogai and Wakita, 1995) . They also detected a 10% difference between background and anomalous chloride levels prior to the earthquake. Despite this similarity on the precursory chemical signatures, several differences exist between the Kobe and the 1995 Galicia earthquakes: a) tectonic framework of the region, b) magnitude of the earthquakes, c) distances between the observation site and the epicentres (20 km for Kobe and 90 km for Galicia Rueda and Mezcua, 2001. earthquakes) and d) time period between the date of the earthquakes and when Cl -data started enhancement (five and three months before Kobe and Galicia's earthquakes, respectively).
Chloride secular variations showed also that the highest concentration (28.8 mg/L) was observed on December 17, 1995, eighteen days after the first seismic event and six days before the second one. The observed difference between peak and background values is around 20%, which is also quite similar to Kobe's data (Tsunogai and Wakita, 1995) . These Cl -secular variations are inferred to be related to real chemical composition changes of the aquifer at the Cabreiroa site. Human or environmental factors (e.g., well pumping rate, rainfall, recharge rate, etc.) seem to be negligible to account for the observed Cl -secular variations for two years period (Fig. 4) . These changes may have occurred as a result of a mixing process between fluids with different chemical composition. The observed negative correlationship between Cl -and SO 4 2-components suggest that uprising of deeper fluids to shallow parts of the aquifer as well as expelling of high salinity fluids from the fracture zones can account for this mixing process (Fig. 5) .
Bromide ion Br -is generally a very good tracer of mixing processes between two different sources in combination with chloride. Secular variations of Br -showed also an increase trend three months before the first seismic event in 1995 (Pérez et al., 1996a) . These changes showed a similar pattern to those of Cl -secular variations, but the observed peak values, just after the first earthquake, reached two times higher values than those of background level. The highest Br -data is also observed just after the first seismic event when fluids might have experienced their maximum level of mixing probably due to a sudden increase in permeability enhanced by the earthquake. A binary plot of Br -vs. Cl -binary shows a positive correlation between these conservative components suggesting also a mixing process between fluids (Fig. 5) . Weight ratios of Br -/Cl -showed a range from 2.86 to 4.23 × 10 -3 , before Cl -and Br -components started peaking up, and relatively higher values up to 5.48 × 10 -3 were observed just before the first earthquake. The highest Br -/Cl -ratios, up to 8.32 × 10 -3 , were detected just between the two magnitude earthquakes. Therefore, these observed changes of Br -/Cl -ratios through time is clearly an additional evidence of a fluid mixing process at Cabreiroa's aquifer probably due to the permeability enhancement.
Secular variations of alkaline and alkaline-earth elements do show a slight disperse pattern, but all cationchloride plots show a quite clear trend of increasing cation concentration with chloride (Fig. 5 ). This last observation supports the already mentioned fluid mixing processes in the Cabreiroá's aquifer.
The observed temporal variations of the concentration of chemical components in groundwater at Cabreiroa's well is function of several factors which can be accounted for the conservation of mass of each dissolved specie:
where (∂C i /∂t) stand by the change of a solute i with time.
The term for chemical reaction rate, ∑R ij , seems not to account for the observed Cl -and Br -and secular variations because of the conservative behaviour of these two components unless dissolution of evaporite minerals such as halite occurs. On the contrary, the second and third terms of Eq. (1) have to play a significant control on these Cl -and Br --temporal variations at Cabreiroa's aquifer. The second term, (-v·∇C i ), describe the net addition or removal of a dissolved component i in function of time as a result of bulk fluid flow, and the third term, [∇ ·(DVC i )], defines the mass balance resulting from diffusion and dispersive mixing. A qualitative analysis of these last two terms as well as the evaluation of physical and chemical processes, which might have occurred at Cabreiroa's aquifer, suggest that fluid mixing process might be mainly related to hydrodynamic dispersion before the occurrence of the first earthquake while bulk fluid flow could be the most significant mechanism to account for a fluid mixing process just after the first shock. Hydrological evidences on the response of groundwater levels and surface-water discharges to earthquakes (Wakita, 1975; Roeloffs et al., 1989; Koizumi et al., 1996) suggest that bulk fluid flow is a possible mechanism to account for the relatively higher level of mixing which seems logical to occur just after the earthquake.
Additional geochemical changes in the Cabreiroá's CO 2 -rich groundwaters were detected in the H and O isotopes suggesting also that the observed changes were induced by the 1995 Galicia earthquakes (Redondo et al., 1996) . δD values ranged from -50.2 to -54.1‰, while δ 18 O data ranged from -7.44 to -7.80‰. Secular variations of the δD and δ 18 O showed a slight decreased pattern from March to October 1995. However, an increase trend of δD was observed during October and November 1995 while a constant signature was observed for δ 18 O values. These coupled observation of an increase and constant trend for δD and δ 18 O, respectively, suggesting an isotope exchange process between hydrogen-containing gas such as H 2 and H 2 O (O'Neil and .
After the successful geochemical approach to search for precursors of the 1995 Kobe and Galicia earthquakes through secular variation analysis of chemical conservative components such as chloride ion (Cl -) in commercial drinking water which is bottled and dated by mineral water companies, this inexpensive methodology was also applied successfully for the 1996 Pyrenean earthquake of magnitude 5.2 since precursory geochemical signatures were able to be detected in both sides of the Pyrenees (Pérez et al., 1996b; Toutain et al., 1997) . These geochemical-earthquake related observations in opposite sides of the Pyrenees suggest that the perturbation of the long-range strain field occurring prior to the 1996 Pyrenean earthquake has acted on geochemically very different and distant hydrological systems (Toutain et al., 1997) .
SEARCHING PRECURSORS OF THE 1997 GALICIAN EARTHQUAKE
After the finding of this sensitive site for detecting earthquakes precursors in the NW Iberian Peninsula in 1995, a continuous radon monitoring system was installed at Cabreiorá in April 1997 to search for additional earthquake precursors in this "stable" region. The radon monitoring system utilized in this study was also used to detect precursory radon signatures related to Kobe earthquake . The radon monitoring systems consists of a radon detection chamber, a 256-channel high-speed analog-to-digital converter, and a personal computer. The radon detection chamber is an electrostatic collector, and the alpha particles emitted mainly by the decays of 214 Po and 218 Po (daughters of 222 Rn) are detected as electrical currents through a PIN photodiode.
In 1997 a magnitude 5.3 earthquake occurred on May 21 at 23:50 h GMT (latitude 42°50′ N, longitude 7°16′ W) in the same region of the 1995 Galicia earthquakes (Fig. 3) . The epicentre of this earthquake was also quite shallow and located at 9 km deep (Rueda and Mezcua, 2001) , and the earthquake was the largest seismic event in the NW region of the Iberian Peninsula during the 20th century. Fault mechanisms of the 1997 Galicia earthquake suggest also a strike-slip and reverse faulting, which agrees with seismotectonic and neotectonic characteristics of the region (Rueda and Mezcua, 2001; Martíınez-Díaz et al., 2006) .
Radon activity at Cabreiroá site showed a significant increase from the beginning of the observation reaching levels up to 70,000 counts per hour (cph) 4 weeks prior to the earthquake. Such a high levels lasted until early May 1997 when radon activity levels were about 30,000 cph. Data after July 1997 showed background radon values about 25,000 cph and daily variations much smaller than previous observed anomalous changes (Fig. 6) . The relatively high concentration of radon until early May 1997 is about 2-3 times background values, do not respond to fluctuations of the well pumping rate because it is quite constant. Therefore, it seems a clear precursory signature of the 1997 Galicia earthquake.
The detection of precursors is crucial for earthquake prediction research (Silver and Wakita, 1996) . The Failure Forecast Method (FFM) proposed by Voight (1988) , after his experience with the eruption of St. Helens vol-cano, is applied to forecast the time for the earthquake occurrence using radon activity at Cabreiroá CO 2 -rich groundwater as observable. Empirical model of material failure is described using the equation:˙Ω
where Ω is the observable (deformation, seismic energy, gas emission, etc.), Ω and ˙Ω are rate and acceleration of the system, A and α are two parameters. An experiment series, assumed to be solution of such equation, can be used to extrapolate the descending sections of the inverse of the observable in order to get a forecast time of a geological event. The goal of this approach is to study the acceleration of the growth of an observable by monitoring its inverse in order to forecast at the intersection with the zero Y axis the occurrence of the event. This approach has been applied successfully to forecast the time for the occurrence of seismic events in active volcanic regions such as the Canary Islands (Pérez and Hernández, 2007; Padrón et al., 2008) . After selecting the precursory geochemical window in the case of the observed changes of radon activity at Cabreiroá's CO 2 rich-waters, FFM method was applied and the lineal regression analysis of the radon activity inverse shows that the potential time for the earthquake occurrence was May 14, 1997, at 00:00 hours. The lower and higher limits of the linear regression analysis with a 95% confidence shows that the potential time period for the earthquake occurrence was from May 9 at 06:00 hours to May 22 at 00:00 hours (Fig. 7) . The magnitude 5.3 Galicia earthquake occurred on May 21 at 23:50 hours.
THE ROLE OF TERRESTRIAL FLUIDS AND SEISMOGENESIS IN THE NW IBERIAN PENINSULA
Pore pressure in the subsurface might increase not only as a consequence of changes in the regional tectonic stress but also related to other mechanisms beside "tectonic" activity (Sugisaki, 1978; Nagao et al., 1980; Gold and Soter, 1985; Sano et al., 1986) . Stable areas should be mainly characterized by 4 He generated by radioactive decay process within the continental crust while zones of active extension or young volcanism show everywhere mantle-derived helium. Helium isotope signatures revealed a significant mantle component for terrestrial fluids in the NW region of the Iberian Peninsula (Pérez et al., 1996c) suggesting that magma emplacement might be an additional source contributing to the changes in the stress field. Natural gas associated to the CO 2 -rich water from the Cabreiroá's well collected on September 4, 1995, indicated a 3 He/ 4 He ratio of 0.69 ± 0.01 Ra (where Ra = atmospheric helium isotopic ratio = 1.4 × 10 -6 ). This helium isotopic signature estimates that 8.3% of the helium is mantle-derived, and it represents a quite anomalous helium-3 emission level to be observed in a granitic terrain where 3 He/ 4 He ratios for crustal production of He is within the range 0.005-0.02 Ra (Mamyrin and Tolstikhin, 1984) . Additionally 3 He/ 4 He measurements in the NW region of the Iberian Peninsula showed a wide range from 0.06 to 2.48 Ra. Most of the cold CO 2 -rich groundwaters showed relatively high 3 He/ 4 He ratios, while hot springs waters of alkaline-sulphide type showed low 3 He/ 4 He ratios, which are very similar to typical crustal signaturẽ 0.02 Ra. These relatively high 3 He/ 4 He ratios (up to 2.5 Ra) might suggest strongly magma emplacement in the subsurface of this region. It has been argued elsewhere (O'Nions and Oxburgh, 1988) that the most plausible means of scavenging and concentrating He, which occurs in very low concentrations in the mantle, is the process of partial melting and that the presence of mantle volatiles in near-surface fluids may provide evidence of subsurface magmatism when other indicators are lacking (O'Nions et al., 1989; Italiano et al., 2000) . Simple mass balance calculations estimated that a significant excess of mantle-derived helium occurs along these NNEtrending old active faults. These anomalous helium-3 emissions suggest that these major faults are channels for the potential escape of mantle-derived CO 2 through this region as it has been described elsewhere (Irwin and Barnes, 1980) . Carbon isotopes of thermal and CO 2 -rich water from northern Portugal showed δ 13 C values from -5 to -8‰, reflecting a deep-seated origin for the CO 2 (Almeida, 1982; Calado, 1993; Marques et al., 2006) . Additionally the coupled observation of CO 2 / 3 He molar ratio and δ 13 C-CO 2 values of the CO 2 -rich groundwaters at Cabreiroá supports strongly a mantle-derived CO 2 signature. Most of the CO 2 -rich groundwaters in the NW region of the Iberian Peninsula occurs in Tertiary basins, which could be limited to normal faults indicating E-W extension; therefore, suggesting a pull-apart process for these Tertiary basins (Santanach, 1994) . This pull-apart process might enhance partial melting within the crust; therefore, it represents an additional geological evidence to explain the occurrence of mantle-derived CO 2 in these basin aquifers of the NW region of the Iberian Peninsula. Episodic release of mantle-derived CO 2 through these active faults might help to increase pore pressure in the subsurface; therefore, this process might help to trigger seismic activity in this region since many of the odd phenomena that take place prior to an earthquake are related to degassing from the Earth (Gold and Soter, 1985) .
These findings of relatively high levels of helium-3 emission in CO 2 -rich discharges in the NW Iberian Peninsula suggest that high fluid pressure at depth can play a major role in triggering earthquakes by reducing fault strength and potentially controlling the nucleation, arrest, and recurrence of earthquake rupture as it has been described elsewhere (Cox, 1995; Zhao et al., 1996; Rice, 1992; Sibson, 1992 Sibson, , 2000 Chiodini et al., 2004) . Therefore, monitoring the chemical and isotopic composition of these low temperature and CO 2 -rich deep-seated gases can be very useful for earthquake prediction studies in stable regions.
